I. Introduction
In recent years, the elaboration and studies of iron oxide, whether in powder or thin films and with different structures and morphologies has attracted the attention of researchers in different fields of technology. Iron oxides used in a wide-ranging of applications such as coloring, coating material, catalysts, gas sensing material, impurity control agent in soil or water, electromagnetic material, biological applications, energy conversion, energy storage system and so on [1, 2]. There are a wide variety of iron oxides and oxyhydroxides, in total sixteen known phases of Fe x O y H z are enumerated [1, 3] . The α-Fe 2 O 3 , also called hematite, is the most common phase of iron oxide in nature. It's an n-type semiconductor, having a small band gap of 2.2 eV and is the most stable iron oxide under ambient conditions. This relatively low band gap value allows to hematite to absorb about 40% of the sunlight, which is a significant advantage for its use in solar energy conversion [4, 5] .
Recently, several physical and chemical techniques have been used to elaborate iron oxides powder [6] , such as sonochemical technique [7] , chemical precipitation [8, 9] and hydrothermal method [10] . For thin films, sol-gel [11, 12] , chemical bath deposition [13] , reactive evaporation [14, 15] and spray pyrolysis [16] [17] [18] [19] [20] [21] . The elaboration techniques and also the corresponding references given above are not exhaustive.
In this work, an iron oxide thin film by chemical spray pyrolysis method has been elaborated; this approach is an efficient way to prepare homogeneous thin films. This technique is used by many researchers to deposit thin layers of iron oxides using different chemical solutions [16] [17] [18] [19] [20] [21] [22] .
The iron oxide thin films were elaborated by spraying an aqueous solution (10 -2 M) of iron trichloride (FeCl 3 ), on glass substrates at a relatively low temperature (350 °C). These sprayed thin films are amorphous, and after an annealing at 400 °C during six hours, the films crystallize in the α-Fe 2 O 3 phase. This heat treatment was carried out under ambient atmosphere with a small rise in temperature which is of the order of 30 deg./hour; this way of proceeding allows to obtain homogeneous and well crystallized thin films. The obtained thin films are chemically and mechanically stable. The α-Fe 2 O 3 films were investigated by XRD, SEM, UV-VIS-NIR spectroscopy and ellipsometry.
II. Experimental Details
Thin films of iron oxide Fe 2 O 3 have been prepared by chemical pyrolysis technique. A preheated glass slides at 350 C was used as substrates. A 0.01 M for FeCl 3 (Sigma-Aldrich) diluted with deionized water was used to obtain the starting solution for deposition. The nozzle is 50 cm away, from the substrates; the jet flow rate and the spraying time, were about 8 ml/min and 30 min, respectively. Nitrogen was used as a gas vector.
The morphology of the obtained thin films was characterized by scanning electron microscope (SEM) type JOEL model JSM-6380 LA (Japan) and their structure by X-ray diffraction (XRD) using Shimadzu Diffractometer XRD 6000, Japan, which utilizing CuKα1 radiation (λ=1.54056 Å). XRD data was performed by To measure the transmittance and the total reflectance of the crystallized iron oxide films a double-beam computerized spectrophotometer (JASCO UV-Vis-NIR-570) was used. The data were recorded at normal incidence of light and at room temperature for wavelengths between 200 and 2500 nm.
The spectroscopic ellipsometry (SE) data for 23 Fe O thin films were carried out using a J.A.
Woollam variable angle spectroscopic ellipsometer, in the wavelength range 400-1800 nm. The SE data was acquired at an angle of incidences of 55°, 65°, 75° and 85°. The measurements were conducted at room temperature, and the spectroscopic ellipsometry data was analyzed using the Complete EASE software from J.A. Woollam Co., Inc. The band gap energy E g was estimated, first, using the transmittance and reflectance spectra, secondly from the results of the ellipsometric measurements.
III. Results And Discussion

Structure and Morphology:
XRD measurements were performed to determine the crystal structure and identification of phases of sprayed iron oxide thin films. X-ray diffraction analysis was carried out of angle 2 in the range of 10 to 65 degree. Fig. 1 shows a typical XRD patterns of crystallized iron oxide Fe 2 O 3 thin film of an estimated thickness of 1 m deposited onto a glass substrate. Existence of peaks matching to planes (012), (104), (110), (006), (113), (202), (024), (116), (211), (122), (018), (214) and (300) point toward hematite -Fe 2 O 3 phase. In agreement with JCPDS card 33-0664 the film have rhombohedral type structure, this study has been investigated with QualX software [23] .
The SEM micrographs of -Fe 2 O 3 films obtained after annealing have been depicted in Fig. 2 ., due to the spray technique. One can be seen from these images that the samples are continuous, compact, and homogeneous without cracks and well adherent growth onto the substrate with little surface roughness. It is covered by overgrown micro-wires randomly distributed over the entire surface. The average length is 20 m.
Optical properties: 1.2.1
Transmittance and reflectance spectra: Figure 3 shows the representative spectra of both transmission T() and reflectance R() of the -Fe 2 O 3 thin films deposited onto a glass substrate.
These spectra show that these thin layers begin to be transparent from a wavelength of the order of 550 nm, and a maximum of 65% transparency for a wavelength close to 2370 nm. The corresponding transmission and reflection spectra approach the semiconductor behavior with the appearance of interferential fringes due to multiple reflections. The amplitude of the interference fringes indicates the extent of the homogeneity of the films; the homogeneity of the thin films is better as the amplitude of the fringes is large. Significant interference fringes appear, for thin films with highly reflecting surface and with no much absorption in bulk. Thus, it can be said that the sprayed iron oxide layers are homogeneous and can be used as transparent thin films in optoelectronic devices. For <1000 nm, the interference fringes disappear due to the onset of absorption. The absorption can be caused by either localized states into the forbidden band or the scattering from a rough surface. Using the interference fringes on R() and T() spectra, the thickness d of the film can be estimated, in the domain of transparency (550-2500 nm), by applying the relationship [24] [25] [26] :
(1)
Where p and p + 1 are the orders of two successive maxima of reflection,  max is the wavelength at the maximum and n is the value of refractive index given by ellipsometry measurement. The value of the thickness found here, is not very different from that deduced by that estimated by double weighing (0.9 m instead of 1 m). To determine the value of the optical band gap E g corresponding to direct band gap transitions, an (h) 2 versus the incident photon energy h plot (Fig. 4) is used according to the formula [27] :
The constant A is given by , where and are the effective and reduced masses of charge carries, respectively. The optical band gap estimated at 2.17 eV is determined by extrapolating the linear part of a plot of with the abscissa axis (h). Which is in good agreement with the value obtained elsewhere [5, 18, and 22] for a similar phase.
1.2.2
Ellipsometric Results SE is one of the preferred methods for studying thin films, especially their optical constants. The method is non-destructive, robust and its principles and applications are explained in many references [28] [29] [30] [31] . The measurements are based on the change in polarization of the reflected light from the sample, more precisely change in ellipsometric angles Ψ and Δ, by measuring ratio F of complex reflectance coefficients of perpendicular p r and parallel s r components of polarized light:
The values of Ψ and Δ for each wavelength does not contain any readily useful information, and measured data need to be interpreted through a model which most of the today ellipsometers are capable.
The J.A. Woollam Corporation developed WVAS32 software package was used to model the ellipsometric data faithfully. The best-match model data are also shown and can be seen to fit well with the experimental results, confirming the efficient of the used model.
The model used to interpret the SE data consisted of two layers: semi-infinite non-absorbing glass substrate and a transparent dielectric material Fe 2 O 3 modeled by Cauchy layer taking into account the roughness of the film. This model is also a mathematical dispersion one obtained from a series expansion of the Sellmeier layer model, and it is, therefore, an approximation function of it. The Cauchy dispersion relation can be expressed by [28] [29] [30] [31] : 4 2 ) (
All the Cauchy parameters and the thickness of the iron oxide layer were used as variable fit parameters. Figure 3 shows the best fit of the experimental Ψ and Δ of the iron oxide films, a good agreement between the fitted and measured data is evident. Moreover, thicknesses measured with this layer model were found consistent with the double weighing measurements. Double weighing gave an average of 1 m thickness for iron oxide, ellipsometry measurements on some samples with the same film gave an average thickness of 710 nm, which is 20 % less than the results deduced from spectrophotometry measurements 0.9 m.
The optical constants, such as the refractive index n and the extinction coefficient k, can be deduced from Ψ and Δ data. The thickness of the layer and the MSE (mean square error) expressing the accuracy of the fit determined by the software are summarized in Table 1 .
The MSE value indicates the precision of the fit, the best agreement between the fitted and measured data is obtained for a value of MSE closest to one, and this is the case in this work. [28] . Indeed, The MSE values for sprayed iron oxide thin films show an average of 1.3, indicating a good agreement between the measured and model generated SE data.
The change of refractive index n and extinction coefficient k, as a function of wavelength for the iron oxide films obtained here, are shown in Figure 5 and Figure 6 , respectively. The refractive index increases with the decreases of the wavelength in the visible region were observed. The maximum for the refractive index and extinction coefficient of the iron oxide film obtained are about 2.7 for n and 1.2 for k, at wavelength 1690 nm and 370 nm respectively. Similar values for these optical parameters of iron oxide films obtained by different methods were reported in the literature. The values of the refractive index n and the extinction coefficient k, for the sol-gel Fe 2 O 3 multilayer, obtained elsewhere [32, 33] , varies approximatively, from 1.6 to 2.6 and from 0 to 0.5, respectively.
Nevertheless, the calculated values of the refractive index and extinction coefficient from [18] , varies in the range of 0.5 < n < 1.25 and 0.1 < k < 0.5 for crystalline -Fe 2 O 3 sprayed thin films. One notices a rather large variation from the results found in this work. This disparity is probably due to the results given by Akl are based on a theoretical calculation based on the values of T and R, whereas, in this work n and k were found from ellipsometric measurements. In this study, the variation of the refractive index and the extinction coefficient, as a function of the wavelength, is very similar to the spectrum of transmittance and reflection. Indeed, one notices the presence of interference fringes. This behavior has not been reported elsewhere. The values and the behavior of the refractive index and the extinction coefficient (n and k) for the iron oxide thin films in the literature show a significant variation according to the elaboration techniques as well as the analytical methods used to extrapolate these parameters [5, 15, 18] . To corroborate the ellipsometric results, regarding the energy band gap, with which deduced from spectrophotometry measurements, using the value of SE k data the absorption coefficient α was calculated from the equation [27] :
The optical band gap (E g ) value is calculated according to a direct allowed transition from the general relation:
The same method as that used for spectrophotometric measurements allows us to find a value of 2.04 eV for E g (Fig. 7) , this value is determined, that is nearly 5 % of the calculated value using transmittance and reflectance measurements. The obtained optical parameters are summarized in Table 1 . These values agree with previously reported one, which varies between 1.9 and 2.2 eV, depends on the preparation techniques and crystalline structure and grain size of the α-Fe2O3 films [5, [15] [16] [17] [18] [19] [20] [21] [22] 34] .
IV. Summary And Conclusions
In summary, a study of structural and optical properties of sprayed iron oxide 23 Fe O thin films has been presented. XRD analysis shows that the films crystallize in rhombohedral crystal system with space group R-3c and space group number 167 according to JCPDS card 33-0664. The SEM micrographs show a smooth and homogeneous surface of the thin films. Optical transmittance and reflectance measured with a spectrophotometer show an appearance of interferential fringes testifying the homogeneities of the obtained sprayed iron oxide thin films. According to the Tauc plot, the optical band gap has been found to be 2.17 eV, which is a typical value found in the literature. From ellipsometric measurements, refractive index and extinction coefficient have been deduced according to Cauchy model with an excellent MSE value (1.3) and the assumed thickness of the film close to 710 nm with no more than 2 nm roughness layer; this confirms the observation made by electron microscopy and the optical measurements. The optical band gap deduced from the value of absorption coefficient, via the extinction coefficient, has been found to be 2.04 eV. 
